Introduction
The response of suddenly loaded structural configurations is essential in ensuring their integrity. Sudden loading can occur, for example, due to blast from an explosive device and this entails both distributed particle impact from the explosion fragments and the overpressure from the shock wave. This study deals with the dynamic response of sandwich shallow shells to a blast pressure pulse. There have been indeed recently many efforts to investigate the blast response of structures and suggest ways of mitigating their detrimental effects through an optimal sandwich construction design. Several papers have addressed various aspects of the problem ͓1-7͔. A typical sandwich structure consists of two stiff metallic/composite face sheets and a soft honeycomb/foam core. This layout gives the sandwich material system the integrity of high stiffness and strength with little resultant weight penalty and high-energy absorption capability and has led to many successful applications of sandwich structures in the construction of marine vessels, aerospace vehicles, and civil infrastructure.
In the study of the response of a sandwich structure to a static loading or a dynamic loading of long duration, it has been customary to neglect the deformation of the core in the transverse direction ͓8,9͔. The core would then be considered infinitely rigid in the thickness direction and assumed to only carry the shear stresses. Though there are two transversely compressive core models proposed in literature ͓10-12͔, the transversely rigid core model has been found to be working well in most of the studies involving static or dynamic-long-duration loading. However, experimental and numerical results ͓3-7͔ have shown that the core undergoes significant deformation when the sandwich structure experiences a sudden, impulsive loading and the core plays an important role in the absorption of the impact energy. Therefore, a model including the core transverse flexibility would offer a better prediction over the classic transversely rigid core model in the study of the transient response of sandwich structures. A detailed look into the two currently available transversely compressive core models would reveal that the transverse strains in the models in Refs. ͓12,10,11͔ are constant and linear functions with regard to the variable in the transverse direction, respectively. However, the observations in Refs. ͓6,7͔ clearly demonstrate that the core transverse deformation/strain is highly nonlinear with regard to the variable in the thickness direction. Therefore, a more refined core model is needed in order to obtain a better understanding of the dynamic behavior of a sandwich construction under sudden, blast loading. Furthermore, up to date, most of the studies for the response of sandwich construction to blast loading have focused on flat panels or plates. Very few works on this topic are available for the sandwich shallow shell configuration, which is very often used in engineering construction, for example, in ship hulls. Therefore, the investigation of the behavior of the sandwich shallow shell to blast loading has both practical and theoretical importance.
In this paper, we shall properly address these issues by first proposing an advanced sandwich shallow shell model that accounts for the highly nonlinear compressibility of the core. The transient behavior of the face sheets and the core will be analyzed in some detail. We organize this paper as follows: A nonlinear transversely compressible core theory is proposed in Sec. 2. In the model, the strain of the core in the transverse direction is no longer constant or linear but a third order function with regard to the transverse variable. The derivation of the governing equations
The core is considered undergoing large rotation with a small displacement; therefore, the in-plane strains can be neglected.
Constitutive Relations.
The equations developed so far can be applied to general materials. In the following sections, we shall assume the face sheets to be orthotropic laminated composites and the core to be orthotropic as well. The stress-strain relationship for any layer of the face sheets is
where Q ij for i , j =1,2,6 are the plane-stress reduced stiffness coefficients. With Eqs. ͑3͒-͑5͒, ͑8a͒-͑8c͒, and ͑10͒, one can compute the resultants for the top/front face sheet of the sandwich shallow shell:
in which the stiffness coefficients are
Applying a similar procedure, one can obtain the following resultant expressions for the bottom/back face sheet:
with the stiffness coefficients reading as
The stress-strain relations for an orthotropic core can be written as
͑15͒

Governing Equations
The equations of motion and appropriate boundary conditions can be derived using Hamilton's principle. The sandwich shell is subjected to a sudden loading q͑x , y , t͒ on the front face sheet. Let the strain energy be denoted by U, the external potential by W, and the kinetic energy by T, then the variational principle is stated as 
A similar set of equations for the motion of the bottom face sheet can be derived, and this is listed in Appendix B.
The equations of motion for the compressible core are
where
͑25͒
Assuming that the sandwich shells are made of orthotropic materials and substituting Eq. ͑4͒ into Eqs. ͑13a͒ and ͑13b͒ and then Eqs. ͑20͒-͑22͒, one can rewrite the nonlinear governing equations for the top face sheet as 
The first terms in the expressions for f 1 t and f 2 t reflect the effects of the higher order core theory, the second to fourth terms represent the effects from the von Karman nonlinear theory, the fifth to seventh terms represent the effects from the initial curvatures of the shallow shell, and the last terms can be viewed as the excitation produced by the transverse motion for the in-plane motion. Moreover, f 3 t includes the membrane-bending coupling effect.
One can also see that the f 3 t includes the effects from the curvatures of the shell and the in-plane motion on the transverse motion. In f 1 t , f 2 t , and f 3 t , we can further group the nonlinear terms and define 
Finally, for the bottom face sheet, the equations of motion become in which
As before, we can group the nonlinear terms and define
Solution Procedure
In this section, the solution procedure for the dynamic response of sandwich shallow shells will be demonstrated through the study of the simply supported case. The boundary conditions along the x =0, a and y =0, b sides ͑Fig. The displacements can be assumed as 
we can obtain sets of second order ordinary differential equations with regard to the variable time in matrix form:
where ͓M mn ͔ is the equivalent mass matrix, ͓ mn ͔ is the damping coefficient matrix, and ͓ mn ͔ is the equivalent spring constant matrix. These are 7 ϫ 7 matrices for a given pair ͑m , n͒. 
The F jmn t ͑t͒, F jmn b ͑t͒, Q mn ͑t͒ are obtained from Eqs. ͑37a͒-͑37d͒ as
with similar expressions for the rest of the F jmn t ͑t͒ and F jmn b ͑t͒. Next, applying the Laplace transform
to Eq. ͑38͒, one can further obtain
In the Laplace space, the solution in terms of the displacements to Eq. ͑40͒ can be obtained without much difficulty if the loading vector were derived from expressions ͑28a͒-͑28c͒ and ͑33a͒-͑33c͒, which are nonlinear functions of the displacements. However, the right-hand side of Eq. ͑40͒, F mn , are nonlinear functions of Ũ mn . Therefore, an iterative procedure is developed as follows: ͑1͒ First, Q mn is a known function once the applied load is given. If the right-hand side of Eq. ͑40͒ is approximated by F mn = ͓Q mn ,0,0,0,0,0,0͔ T , then a first approximation to the solution is easily obtained as
Application of the inverse Laplace transform to Ũ mn ͑s͒ can lead to the corresponding solution U mn ͑t͒. Then, making use of Eqs. ͑36a͒-͑36d͒, ͑33a͒-͑33c͒, and ͑28a͒-͑28c͒, one can determine the
and then the corresponding to these Laplace transforms
The next approximation for the displacements is found by solving Eq. ͑40͒ with the updated vector
This procedure continues until the in-plane and transverse displacements are determined by the nth iteration with a convergence tolerance ⑀ applied on the displacements normalized by the total height of the sandwich section, such that ⑀ ഛ 10 −5 between two consecutive steps.
Applications and Discussions
The formulas and solution procedure in the foregoing sections can be applied to investigate the nonlinear transient response of a shallow shell subjected to a sudden blast loading ͓14͔. Detailed analysis of a few example problems are presented in this section.
Uniformly Distributed and Exponentially Decaying Blast Loading on an Orthotropic Sandwich Shallow Shell. In this example, both the top and bottom face sheets of the sandwich shallow shell are made of E-glass/polyester composite material with stiffnesses ͑in GPa͒: E 1 = 50. 1͒ read as ͑in mm͒: a = 800, b = 500, R x = 1000, and R y = 600. The top face sheet is subjected to blast loading, which is uniformly distributed over the entire sheet surface, but its intensity varies with time exponentially:
We use in this example the values from Ref. ͓4͔: q m = 60.86 MPa and ␣ = 3.33435. The results in Fig. 2 are the transverse displacements for the center points in the top face sheet, core middle plane, and bottom face sheet, respectively, within a few micrometers after the blast loading impact on the front surface of the top face sheet. An interesting phenomenon can be observed in the early blast loading stage: the top face sheet, core, and bottom face sheet behaviors are very different: ͑1͒ The displacement for the top face sheet increases with time positively ͑relative to the loading direction͒ due to the continuously applied loading; ͑2͒ the displacement for the middle plane in the core is negative when time t ഛ 2.15 s, then it becomes positive; and ͑3͒ the displacement of the bottom face sheet changes from positive to negative around time t = 2.6 s, then it becomes positive again after time t = 6.1 s. This phenomenon reflects the impact shock stress wave propagation in the sandwich shell. The blast loading impacts on the surface of the top face sheet at the instant of time t =0 + s and induces a shock wave propagating through the thickness of the shell. During this time period, a negative pressure zone, which is similar to the cavitation zone in water, behind the shock wave front, is created in the core. This is why we see the displacement of the middle plane of the core negative up to t a = 2.15 s. This negative pressure zone reaches the bottom face sheet around t b = 2.6 s. The displacement of the bottom face sheet then becomes negative until t c = 6.1s, when this zone is dissipated. One may also interestedly note that the propagation velocity of the cavity zone is nonlinear since t c ജ 2t b . This observation clearly demonstrates that the nonlinear higher core theory in this paper can give us deep insight on what happens at the different phases of the sandwich construction when it is subjected to a blast loading.
Two points need to be further explained in Fig. 2 . First, it can be observed that the midpoint back face displacement is double that of the midpoint core and this is because these two displacements are at different time instants and the back face and the core are different materials. There is actually no direct relation between them due to the core compressibility, which can mask the otherwise intuitively derived behavior, i.e., the core can expand in the process and therefore show larger back face displacement than at an earlier instant. Furthermore, as the wave propagates in the sandwich, energy is still added in the material system in this early time period, which can make up for the energy dissipation as the wave propagates in the sandwich. Therefore, the larger back face deflection in Fig. 2 is quite plausible. Second, it can be seen that during the early part of loading, the face sheets deform in one direction and the core in the opposite and this is due to the core compressibility and the shock wave propagation and reflection. It should be noted that the curve of the core deflection is the deflection of the initial midpoint of the core, not the current core midpoint location. In other words, in this early phase, a negative pressure zone is induced within the core and, since the core is compressible, it expands in the process of shock wave propagation. This negative pressure results in part of the sandwich structure deforming in the opposite direction. Therefore, the observed deflections are compatible.
The results plotted in Fig. 3 show that the popular assumption that the displacements of the middle planes in the top face sheet, the core, and the bottom face sheet are identical may be true only at some time instants. Most of the time, the transient responses of these three displacements are different, as will be further shown in the following discussion.
Presented in Fig. 4 is the transient response in terms of the displacements ͓W t ͑t͒, W c ͑t͒, W b ͑t͔͒ for the center points in the middle plane of the sandwich shallow shell in a short time period ͑0 ഛ t ഛ 6 ms͒ after the blast loading is applied on the surface of the top face sheet. The maximum values of these displacements happen around time t = 0.2 ms and then decrease to near-half of the maximum values quickly. One can see that the solution converges as the time increases. The detailed drawings in Sections A and B show that the curves representing the displacements are tangled in the sense that the core midplane displacement exceeds that of the midplane bottom face sheet due to the compressibility of the core. This observation would further indicate that the nonlinear core theory may be a good model to study the behavior of sandwich structures subjected impact loading.
The behavior of the sandwich shell in the stage from the transient response to the steady dynamic response is demonstrated in Fig. 5 . It can be seen that after time t ജ 12 ms, the sandwich structure enters into a steady state dynamic response region. One interesting result in the figure observed from the steady state dynamics response is that the curve for the displacement of the core is not in the middle between the curves of the top and bottom face sheets. This is due to the nonlinearity in the core transverse displacement.
Finally, Fig. 6 shows the stress profile zz through the thickness and as a function of time. It can be seen that at the top face sheet, the stresses are always compressive and the highest in magnitude. The bottom face sheet shows lower stresses and they can even be at brief times tensile. This would indicate that damage would most likely initiate at the front ͑top͒ face sheet or even more likely at the front ͑top͒ face sheet/core interface. Such has been preliminary experimental evidence ͓15͔.
Conclusions
In this work, a higher order nonlinear core theory is proposed and is incorporated into the constitutive equations. A set of nonlinear governing equations is formulated and the solution procedure is obtained using the extended Galerkin method and the Laplace transform. Numerical results are presented to demonstrate the application of this higher order core model for the transient response of a composite sandwich shallow shell subject to blast loading. The observations obtained in the forgoing study suggest the following conclusions: ͑1͒ This nonlinear higher order core model can be used to capture the complex behavior such as cavi- tation in the core caused by the shock wave in the sandwich shell during the very early stage following the blast loading and the high levels of core thickness reduction; ͑2͒ the conventional assumption that the middle plane of the top face sheet, the core, and the bottom face sheet is identical may be not adequate in studying blast loading problems; ͑3͒ the highest in magnitude stresses are observed at the front ͑top͒ face sheet, which indicates that damage would most likely initiate at the front ͑top͒ face sheet/core interface. Transactions of the ASME w ͑x,y,t͒ =
